Abstract. The objectives of this study were to assess the predictability of exceptionally cold water in the Taiwan Strait (TS) and to develop a warning system on the base of scientific mechanism, which is a component of the information technology system currently under development in Taiwan to protect aquaculture against extreme hazards. Optimum interpolation sea 10 surface temperature (SST) data were used to find exceptionally cold water days from January 1995 to May 2017. We found that the SST and wind speed over the TS are low and strong in La Niña winters, respectively. According to tests conducted using relative operating characteristic curves, predictions based on the Oceanic Niño Index and integrated wind speed can be employed at lead times of 60-210 and 0-30 days, respectively. This study utilized these two proxies to develop a possible warning mechanism and concluded four colors of warning light: (1) blue, meaning normal; (2) cyan, meaning warning; (3) 15 yellow, meaning moderate risk; and (4) red, meaning high risk. Hindcasting winters over the period 1995-2017 successfully predicted the cold water hazards in the winters of
worldwide, shifting the probability for droughts, floods, heat waves, severe storms and extreme events (e.g., Alexander and Scott, 2002; Philippon et al., 2012) . The cold phase of ENSO, La Niña, tends to intensify the East Asian winter monsoon, which always accompanies strong northerly winds and sharp air temperature drops. By contrast, the warm phase, El Niño, suppresses the East Asian winter monsoon (Wang et al. 2000; Lau and Nath 2006) . In addition, Kuo and Ho (2004) indicated that the stronger northeast monsoon during a La Niña winter may modulate the sea surface currents in the TS and further 5 cause the lower SST. For example, the southward water transport was larger and the water in the TS was generally colder in November 2000 (La Niña winter) than that in 2002 (El Niño winter). The predominance of the cold China Coastal Current, and the weakness of the warm Kuroshio Branch Current, resulted in the water temperature of the TS decreasing in the early winter of 2000 (Wu et al. 2007) . By contrast, when El Niño broke out in the winter seasons from 1997 to 1998, the warm water area (2°C above the regional mean) in the TS increased by 25% and nutrient concentrations decreased (Shang et al. 10 2005) . Zhang et al. (2015) suggested that less Kuroshio water enters the southeastern TS during La Niña than El Niño events, which might modulate the interannual variability of SST in the TS. However, less severe but longer lasting phenomena, such as SST variability, may have catastrophic consequences or can be a trigger for other threats (Ustrnul et al. 2015) . For example, the extreme cold or hot temperature can threaten life on earth and may even trigger a disaster (Mora and Ospina 2002) . Previous studies have identified a correlation between local wind and circulation in the TS, and they have suggested 15 that a La Niña winter would be a weather condition supporting cold-event occurrences, which are more likely to trigger cold disasters in the TS.
In the winter of 2008, exceptionally cold water affect the southern TS and hit the marine natural resources around the Penghu Islands in the southwestern TS, causing considerable damage in marine aquaculture; this phenomenon is hereafter referred to as "cold damage". Cold sea temperatures below the critical minimum for fish could lead to a high rate of fish 20 deaths (Hsieh et al. 2008) . The death of wild fish was at least 73 t, and 80% of cage aquaculture fish were damaged (Chang et al. 2013) . Chang et al. (2009) used satellite SST images around the Penghu Islands to show that the minimum SST (12.6 °C) in February 2008 was lower than the February climatological temperature (20 °C) . The strong northeast monsoon in the winter of 2008, associated with La Niña, may drive the cold China Coastal Current to intrude more southward into the southern TS and can even suppress the northward warm Kuroshio Branch Current intruding the TS (Chen et al. 2010; Lee et 25 al. 2014) . Liao et al. (2013) suggested that the cold damage in 2008 can be divided into three stages: First, the branch of the China Coastal Current moved cold water from the western strait to the central strait; then, a strong northeast wind intensified the southwest current; and finally, cold water gradually retreated to the north due to weakened wind.
Previous studies have revealed one single case of cold damage in the southern TS. Specifically, according to the 2012 newsletter by the Fisheries Research Institute of Taiwan, cold damage around the Penghu Islands has occurred three times : 30 2000, 2008, and 2011 . The cold damage in 2008 is among the most serious events occurring in the Penghu Islands. Thus, reducing the negative consequences of damage is a major concern. Although numerous studies on the single event of cold damage in 2008 have been performed using satellite-observed data and numerical models, there is no operational system for rapidly transmitting current information on potential sea threats to mariculturists or citizens at large. The main purposes of Nat. Hazards Earth Syst. Sci. Discuss., https://doi.org /10.5194/nhess-2017-414 Manuscript under review for journal Nat. Hazards Earth Syst. Sci. Discussion started: 16 January 2018 c Author(s) 2018. CC BY 4.0 License. the current study were to clarify the predictability of cold events, that might trigger cold damage in the TS, and to present a feasible warning system with respect to marine hazards around the Penghu Islands.
Data and methods
The optimum interpolation daily SST dataset from the National Oceanic and Atmospheric Administration are calculated from blended analyses, which is derived by combining multi-satellite data, ship observations, and buoy data (Reynolds et al. 5 2007) . The dataset is averaged onto a 1/4° × 1/4° spatial grid and covers the period from 1981 to the present; however the current study used only the data from January 1995 to May 2017. We focused on the SST variability across the southern TS, and we confined the analysis to the 60 coldest days of winter based on the climatologically averaged SST (January 6-March 6 in non-leap years, and January 6-March 5 in leap years). During these climatologically coldest days of winter, further cooling days may be expected to have the greatest implications for health and aquaculture. 10
The Oceanic Niño Index (ONI), defined as a 3-month running mean of SST anomalies in the region of 5°N-5°S and 120°W-170°W, is used for classifying the ENSO cycle into El Niño (ONI ≥ 0.5 °C) and La Niña (ONI ≤ −0.5 °C) . In addition, the daily surface wind fields used in this study were derived from the National Centers for Environmental Prediction global analyses at 2.5° spatial resolution and can be applied from 1980 to the present, which were downloaded from https://www.esrl.noaa.gov/psd/data/gridded/data.ncep.html. 15
Cold events
The current study focused on hindcasting the occurrence of low SST anomalies (SSTAs) during the 60 coldest days of winter (hereafter referred to as just "winter days"). To obtain a quantity representative of the magnitude of low SST, we calculated the SSTAs deviating from the daily climatological average and spatially averaged the SSTAs across the southern TS (the blue dotted quadrilateral in Figure 1 ). Figure 2 shows the time series of SSTAs and highlights the SSTAs for the winter days 20 (dots in Fig. 2a ) from 1995 to 2017. During these winter days, further cooling days may be expected to have the greatest implications for health and aquaculture (hereafter referred to "cold water days"), which were defined as those whose SSTAs was lower than 1.6 times the standard deviation (approximately 95% interval of normal distribution) below the mean (i.e., −2.0 °C). Moreover, two or more consecutive cold water days were grouped into cold events; if any cold events were less than 4 days apart, they were grouped into a same event. According to these definitions, 1,320 winter days of the study period, 25 107 cold water days and a total of 9 cold events (triangles in Fig. 2 ) were observed. All of the cold events revealed using the SSTAs were determined to occur during the La Niña events (Fig. 2b) . Furthermore, the cold phase peak for ONI tends to occur toward the end of the calendar year and a lag correlation reflects the cold events in January-February after the peak ENSO. A lag-0-to lag-6-month correlation between rainfall anomalies in western Pacific and the peak La Niña was also observed by Wang et al. (2000) . 30 To clarify the interannual variability of cold events in the southern TS, we performed composite analyses of SST and surface wind fields for the winter days from 1995 to 2017. The spatial pattern of the long-term average for winter days was observed Nat. Hazards Earth Syst. Sci. Discuss., https://doi.org /10.5194/nhess-2017-414 Manuscript under review for journal Nat. Hazards Earth Syst. Sci. Discussion started: 16 January 2018 c Author(s) 2018. CC BY 4.0 License.
to show a moderate SST belt extending from southwest to northeast, and an isotherm of nearly 18 °C across the northern Penghu Islands was revealed to separate the colder water in the west from the warmer water in the southeastern TS (Fig. 3a) .
The cold-water China Coastal Current flows southwestward along the coast of China and meets the warm-water northward Kuroshio Branch Current near the Penghu Islands, forming a strong sea temperature front. The SST variability is obviously affected by the delicate balance between the southward China Coastal Current and the northward Kuroshio Branch Current, 5 both of which are associated with the magnitude of the northeast monsoon (Kuo and Ho 2004) . Wind fields around Taiwan are strictly dominated by the East Asian monsoons. Wind data derived from weather stations across the TS (Jan et al. 2006) showed that a northeast monsoon occurs from September to the following May and that a southwest monsoon occurs during the rest of the year. During the winter days, the northeast monsoon dominates the environmental conditions around Taiwan ( Fig. 3d ), which illustrates it can drive the cold SST front into the southern TS. 10 Figure 3b , c shows the SSTA relative to the long-term average for the winter days. The SST across the TS was observed to get warmer along the China coast ( Fig. 3b ) when the northeast monsoon was weakened during the El Niño events, thus resulting in the wind anomaly fields illustrating southwest wind (Fig. 3e) . By contrast, a negative SSTA was shown to dominate all of the TS and to expand into the southern Penghu Islands during the La Niña events (Fig. 3c ). The lowest anomaly was approximately −0.6 °C near the central TS. In addition, a positive anomaly regarding northeast wind was 15 observed (Fig. 3f) , which may intensify the northeast monsoon. The stronger wind generating turbulence mixing would likely lead to increased air-sea heat fluxes and would substantially affect the extent of cold water in the TS. These results imply that the SST variability in the TS is strongly associated with the ENSO cycle. Given the environmental conditions, exceptionally cold water is more likely to affect the southern TS and trigger cold damage during La Niña than during El Niño events. 20
According to above results we summarize two possible physical mechanisms for triggering cold events in the TS. One is the balance between the southward China Coastal Current and the northward Kuroshio Branch Current, and the other one is local wind-driven entrainment. However, both processes are associated with the magnitude of wind. During the La Niña events (Fig. 4) , a northeast monsoon dominates the environmental conditions around the TS with strong wind stresses. The cold China Coastal Current will have more chance to intrude into the southern TS and the warm Kuroshio Branch Current 25 will even be suppressed by strong southwestward winds. In addition, strong wind stresses can drive turbulence mixing and enhance air-sea interaction to further cool the sea water across most of the TS. Therefore, ONI and local wind speed are used as prognostic indexes to find the cold days in the following study.
Predictability of cold events

Predicting by ONI 30
The results of the preceding analysis identify a significant correlation between cold water days and La Niña events. The association between them can be through the increased wind stress of the northeast monsoon, which may intensify the Nat. Hazards Earth Syst. Sci. Discuss., https://doi.org /10.5194/nhess-2017-414 Manuscript under review for journal Nat. Hazards Earth Syst. Sci. Discussion started: 16 January 2018 c Author(s) 2018. CC BY 4.0 License. southwestward cold current. We extended this study by understanding the relationship with monthly ONI and evaluating the prediction skill as a function of lead time.
In this study, we primarily experiment with two-class prediction problems. The ENSO cycle was quantified using the ONI, and cold water days were predicted based on the ONI falling below a threshold. There are subsequently four possible results from the binary classification test: (1) the outcome predicted a cold water day is identical to the actual value (true positive, 5 TP); however, (2) if the actual value is not a cold water day, it is classed as a false positive (FP). Conversely, (3) a true negative (TN) has been found while both the prediction state and the actual state are not cold water days; (4) the outcome predicted no cold water day is exactly opposite to the actual value (false negative, FN). For the following evaluations, an ONI −0.9 was set as the threshold, and lead days were counted ahead of the cold day. For predictions at a 90-day lead time, ONI values below the threshold can be considered to correspond to the probability of cold water days occurring with a true 10 positive rate (TPR, hit rate) of 72% and a false positive rate (FPR, false alarm rate) of 15% (the arrow in Fig. 5a ). The hit rate is defined as In the above case, the odds ratio was 14.8, which implies the probability of correct predictions are almost a 15-fold increase (the arrow in Fig. 5b ). 15
Depending on the tolerance for the TPR and FPR, the choice of threshold for a prediction can be varied; more negative ONI thresholds reduce both the TPR and FPR. This trade-off is presented by relative operating characteristic (ROC) curves (Hanley and McNeil 1982) that represent the relationship between the TPR and FPR as a function of threshold (Fig. 5a ).
ROC curves are quantified by integrating the area under the curve, called ROC score or AUC. The score is used as the proxy throughout the analysis because it is appropriate for assessing unusual events (Stephenson et al. 2008; McKinnon et al. 2016) . 20
When a ROC score is higher, it would be a more discriminating prediction method. In this study, the skill of the ONI-based prediction was shown to peak at a lead time of 60 days, with an ROC score of 0.78, and generally decreased with increasing lead time. Moreover, significance can be estimated through the creation of a null distribution of the quantity of interest by using a block bootstrap (McKinnon et al. 2016) , and significant results above the 95% confidence level are presented throughout this article. An ROC score greater than or equal to 0.6 is designated to be significant for predictions of cold water 25 days. As shown in Fig. 5a , ROC scores decreased with lead time and were no longer significant by a lead time of 240 days.
Notably, the ONI was estimated according to the 3-month running mean of monthly SSTAs; in other words, the latest ONI value obtainable in December is the value for October. Hence, the ONI-based prediction of cold water days can actually be employed with a lead time of 0-150 days. For simplicity, we still used the time of the ONI ahead of the cold day to describe the lead time in the subsequent analysis. 30
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Predicting by wind
The relationship between wind stress and cold water can be understood through local wind-driven entrainment, whereby a strong La Niña episode results in an enhanced winter monsoon and strong wind stress increases turbulent mixing in favor of heat fluxes.
We next focused on the relationship between wind speed and the probability of cold water days. Wind speed variability 5 across the TS could be quantified using an integrated wind speed (IWS) over a pre-specified period. The IWS was calculated using integration periods of 1 to 30 days, and the correlation coefficients between IWS and SSTAs are shown in Fig. 6a . The 10-day integration period was observed to have the highest correlation with the SSTA variability, and the correlation coefficient was approximately -0.43 (p < 0.05). Therefore, we focused on the IWS with a running integration period of 10 days in the subsequent analysis. Figure 6b shows the water temperature to drop following a stronger IWS. 10
As indicated by the ROC curves, the wind-based prediction had an ROC score of 0.8 at a lead time of 0 days, which is counted following the last day over which wind speed is integrated (Fig. 7) . This result is consistent with the expected relationship between wind speed and sensible cooling. The wind-based predictions were observed to have significant prediction skill for lead times from 0 to 30 days (ROC score ≥ 0.6), and the prediction skill generally decreased with increasing lead time. For predictions at a 15-day lead time, the highest odds ratio (6.0) was determined using a threshold of 15 115 m/s. An IWS below the special threshold was determined to correspond to the occurrence of cold water days with a TPR of 78% and an FPR of 38%.
Warning mechanism for Penghu Islands
According to the analysis of predictability presented in the preceding section, cold water days can be predicted using the ONI for a long-lead prediction (60-210 days) and the IWS for middle-to short-lead predictions (0-30 days). We established 20 a warning mechanism based on the ONI and IWS. The ONI-based prediction was employed to predict cold water days at a lead time of around 90 days. Hence, the ONI of -0.9, which engendering the highest accuracy (0.78) and odds ratio (14.8), was selected as the threshold. Moreover, the IWS-based prediction was employed for middle-and short-lead predictions. As shown in Fig. 8 , the ROC scores varied with the integration periods and lead time. The prediction conducted at a lead time of around 15 days and integration period of 10 days had an ROC score of approximately 0.74. The threshold was set at 115 m/s 25 because this was observed to result in the highest accuracy (0.70) and odds ratio (6.0). In addition, the prediction conducted at a lead time of around 5 days and integration periods of around 20 days had higher ROC scores compared with those conducted at other integration periods. Regarding the prediction of cold water days at an integration period of 20 days, the prediction conducted with a threshold of 250 m/s had an accuracy of 0.76. Therefore, a warning mechanism could be established based on this analysis (Table 1) . 30 Nat. Hazards Earth Syst. Sci. Discuss., https://doi.org /10.5194/nhess-2017-414 Manuscript under review for journal Nat. Hazards Earth Syst. Sci. Discussion started: 16 January 2018 c Author(s) 2018. CC BY 4.0 License.
Hindcasting cold water days
A hindcast of cold water days over the period (Fig. 9) was obtained by using the warning mechanism in Table 1 .
The results clearly demonstrate high-risk warnings for the winters of 2000, 2008, 2011, and 2012 To illustrate specific predictions that could be made using the warning mechanism, we conducted a case study for the winter of 2011. Figure 10 displays the developing process of a cold water event from six satellite SST maps. Before the occurrence of the cold water event, the SST in the TS was 16 °C (Fig. 10a ). An obvious cold front crossed from the Taiwan bank to the Chang-Yuen ridge and approached the Penghu Islands. Cold water (approximately 14 °C) developed along the coast of 10 China on January 29, 2011 (Fig. 10b) , and it extended to the southern TS afterward (Fig. 10c, d ). When the exceptionally cold water intruded into the southern TS, the Penghu Islands were surrounded by extremely cold water below 16 °C. Finally, at the end of the cold event, warmer water above 22 °C was re-established through the channel to the east of Penghu Islands (Fig. 10e, f) , and the cold water gradually retreated to the north due to the weakening wind (Fig. 10g) . Moreover, to examine satellite SST, buoy measurements of SST provided by the Central Weather Bureau of Taiwan (red star in Fig. 10a ) were used. 15
Although the satellite SST is overall higher than that measured by the buoy, Fig. 10g shows the variations in both SST measurements to be largely consistent. In addition, the SST variability was observed to be associated with the 10-day IWS.
When the IWS remained at approximately 140 m/s from January 10, the SST kept decreasing to approximately 14 °C until the IWS decreased on February 2. After wind speed weakening, the SST around the Penghu Islands rose immediately, which agrees with the sequence of SST maps shown in Fig. 10d-f previous studies; e.g., Chen et al. 2010; Liao et al. 2013; Lee et al. 2014) . Through the application of the warning mechanism, the hindcast of the 2008 winter showed that a high-risk warning could precede the coldest water day by 19 days (Fig. 11a); similarly, the high-risk warnings for 2011 and 2012 could lead by 22 and 21 days, respectively. The lowest SST was just 16 °C in the winter of 2012, whereas the SST was lower than the standard deviation of the climatological average (yellow shading in Fig. 11 ), which is cold enough to induced the death of caged fish around Penghu Islands (Chang et al. 2013). 30 Notably, the SST variability over an approximately 10-day period in February 2012 might be dominated by a sub-mesoscale process, which agrees with the higher correlation between the SST and 10-day IWS in Fig. 6a . Nat. Hazards Earth Syst. Sci. Discuss., https://doi.org/10.5194/nhess-2017-414 Manuscript under review for journal Nat. Hazards Earth Syst. Sci. Discussion started: 16 January 2018 c Author(s) 2018. CC BY 4.0 License.
Summary
We used optimum interpolation SST data to identify exceptionally cold water over the southern TS during the period 1995-2017. The results reveal a total of 107 cold water days and 9 cold events likely to trigger cold disasters in the TS. Cold water develops along the coast of China and extends to the southern TS with sustained strong winds. In addition, these exceptionally cold water days always occur during La Niña events, and climatological maps show that the SST and wind 5 speed over the TS are extremely low and strong in La Niña winters compared with normal or El Niño winters. A correlation was also obtained for SSTAs and 10-day IWS, with a correlation coefficient of −0.43 (p < 0.05).
According to the results associated with ENSO and wind speed, the predictability of cold water days can be estimated by ROC curves; when ROC scores were higher than or equal to 0.6, methodologies based on the ONI or 10-day IWS were observed to be significant (above the 95% confidence level) for predictions of cold water days. The ONI-and IWS-based 10 predictions could be conducted at lead times of 60-210 and 0-30 days, respectively. Given this predictability, a possible warning mechanism based on the ONI and IWS was established. In this mechanism, if the monthly ONI is lower than or equal to −0.9, a cyan warning light indicating required action is triggered; This light turns yellow if the 10-day IWS is stronger than or equal to 115 m/s, meaning a moderate risk of exceptionally cold water. Red light signaling high risk displays when the 20-day IWS is greater than or equal to 250 m/s. After the application of the warning mechanism, a hindcast of cold 15 water days over the period 1995-2017 revealed four winters with a high risk of cold damage (2000, 2008, 2011, and 2012) .
The warning mechanism evidently fulfills the requirements of the recently developed methodology of early warning systems for weather-related hazards, as implemented by the Central Weather Bureau of Taiwan. Warning lights based on the ONI and IWS indicate characteristics of exceptionally cold water affecting the Penghu Islands, and they thus facilitate identifying possible periods of exposure to extremely cold water. The warnings thus generated can be sent in an efficient and timely 20 manner to mariculturists. 
